Virtualized reality games offer highly interactive and engaging user experience and therefore game-based approaches (GBVR) may have significant potential to enhance clinical rehabilitation practice as traditional therapeutic exercises are often repetitive and boring, reducing patient compliance. The aim of this study was to investigate if a rehabilitation training programme using GBVR could simultaneously improve both motor skill (MS) and confidence (CON), as they are both important determinants of daily living and physical and social functioning. The study was performed using a nondominant hand motor deficit model in nonambidextrous healthy young adults, whereby dominant and nondominant arms acted as control and intervention conditions, respectively. GBVR training was performed using a commercially available tennis-based game. CON and MS were assessed by having each subject perform a comparable real-world motor task (RWMT) before and after training. Baseline CON and MS for performing the RWMT were significantly lower for the nondominant hand and improved after GBVR training, whereas there were no changes in the dominant (control) arm. These results demonstrate that by using a GBVR approach to address a MS deficit in a real-world task, improvements in both MS and CON can be facilitated and such approaches may help increase patient compliance.
Introduction
Functional impairment of human motor function can arise due to a number of different causes including a variety of disease processes, physical trauma, and aging. The best treatment outcomes are seen when rehabilitation exercises are instituted early and in an intensive and repetitive manner in order to promote neural plasticity and muscle hypertrophy [1] . Given the often long and arduous nature of treatment programs requiring many thousands of exercise repetitions over many months, if not years, it is hardly surprising that patients commonly complain that the therapeutic exercises are repetitive and boring and this leads to poor compliance with the prescribed exercises and results in suboptimal optimal treatment outcomes. Not only is this scenario likely to impact on a patient's quality of life, but also it may ultimately result in a loss of their ability to live independently and necessitate long-term provision of care. Treatment programs are also very often resource intensive in terms of the time a physical therapist needs to devote to an individual patient and also the time spent traveling in connection with treatment. A range of technology-based solutions are therefore currently being actively investigated in terms of their potential for improving the efficiency and effectiveness of rehabilitation programs and to also increase the independence of patients and empower them to take control of their own treatment [2] .
Virtual rehabilitation has been defined as "the combination of computers, special interfaces, and simulation exercises used to train patients in an engaging and motivating way." [3] . A range of different systems developed so far include remote monitoring of therapeutic exercises enhanced by virtual reality (VR) [4, 5] , finger strengthening and handeye coordination exercises and games using VR combined with a haptic glove [6, 7] . For the purposes of this paper the term "Game-based Virtualized Reality" (GBVR) is considered to include all forms of games that involve players physically interacting with virtual objects that only exist as a digital representation on a screen.
The potential for game-based approaches in rehabilitation practice to provide a more engaging and motivating experience and that large numbers of game-based rehabilitation scenarios could be developed to provide greater realism and to correspond more closely to a wide range of everyday activities is now being more fully recognised [8] [9] [10] [11] [12] . Furthermore, there is now a growing evidence base to support their use in a variety of different rehabilitation applications including mobility and aerobic fitness [13] [14] [15] , post-stroke rehabilitation of hand-arm function [16] [17] [18] , balance [14, [19] [20] [21] , pain distraction while undergoing treatment/therapy [22] , and treatment of amblyopia ("lazy eye") [23] .
There is a long standing call to have rehabilitation programs focus simultaneously on improving both physical motor skill and confidence (i.e., self-efficacy) [24] as the importance of a person's perception of their ability has long been recognized as an important determinant of physical performance [25] . Video games are a highly interactive and engaging form of entertainment [26] and incorporate clear goals, immediate feedback and rich visual and aural information [27] . It would therefore seem plausible that GBVR training could rise to this challenge and go a long way to meeting these dual treatment goals. This study was therefore undertaken to investigate if a rehabilitation training programme using a GBVR approach could simultaneously improve both motor skill and confidence. In order provide a stable and reliable experimental setting for both this study and future basic research into the development and refinement of GBVR, a nondominant hand motor deficit model was devised and will be described in subsequent sections.
Materials and Methods

2.1.
Design. In order to be able to attribute any increase in motor skill and/or confidence to the GBVR rehabilitation training, a nondominant hand motor skill deficit model was conceived whereby each subject acted as their own control with their dominant and nondominant arms act as the control and intervention conditions, respectively.
Subjects.
Nonambidextrous, young adults with no reported health issues were recruited from the student population at Heriot-Watt University. Potential subjects were asked if they had experience of playing racket sports and any reporting regular recreational participation or any competitive matches were excluded. The study was subject to local ethical committee approval and all subjects gave written, informed consent and underwent health screening. A total of 20 subjects were recruited although three subjects withdrew at various stages from the study. The 17 subjects (8 male) who completed the study ranged in age from 18 to 21 years with a mean (±SD) height 1.74 ± 0.09 m, weight 71.2±10.4 kg, and a body mass index of 23.5±2.6 kg/m 2 . The study comprised a total of six sessions comprising an initial familiarisation session and then five sessions on consecutive days (Monday through to Friday). In order to minimise any effect of bias on the results, the subjects were unaware of the potential rehabilitation applications of the outcome of the study. Furthermore, the subjects were not given any feedback on their performance by the experimenters.
Familiarisation Session.
In the familiarisation session subjects' height and weight were measured using a portable stadiometer (model 225, Seca Ltd, Birmingham, UK), and weighing scales (model 770, Seca Ltd) respectively. Subjects then completed the Edinburgh Handedness Inventory [28] which comprises a series of questions relating to hand preferences (left or right) for a range of everyday activities. Scoring of the inventory gives a Laterality Quotient (LQ) ranging from −100 for total left-hand dominance to +100 for total right-hand dominance. The LQ obtained for each individual subject was used to designate his or her dominant and nondominant arms. Subjects were then shown a short video clip illustrating how the tennis real-world motor task (RWMT) skill assessment would be conducted. Finally, the subjects performed a basic target shooting game on the game console used in the study (Wii Play, Nintendo of Europe GmbH, Grossostheim, Germany) using the handheld motion sensitive controller in a point-and-shoot manner.
Baseline Assessment Session.
The RWMT skill assessment session took place in indoors on a squash court in order to ensure consistent conditions. The RWMT involved using a tennis racket (Slazenger Smash 2", Dunlop Slazenger Int. Ltd, Shirebrook, UK) to strike a tennis ball served by a machine (Tennis Twist, Sports Tutor Inc., Burbank, US) over the net and to try and hit a 1.4 m 2 target on the back wall of the squash court. The tennis RWMT assessment set-up is illustrated in Figure 1 . The tennis balls were served to the subjects in a consistent arc trajectory by the serving machine with an interval of 5 seconds between balls. The subjects then had to strike the ball back over the net and aim so as to hit the square target marked out on the back wall. As layed out in Figure 1 , with the subject having righthand dominance, dominant forearm, and nondominant backhand strokes were performed in this configuration. For the other two strokes (nondominant forearm and dominant backhand), the serving machine and the subject were placed at the opposite mirror positions on the court.
Self-efficacy is the term used to refer to task-specific confidence (i.e., the conviction that the behaviour required to achieve a particular outcome can be performed successfully) [25] . Prior to commencement of the RWMT skill assessment, the self-efficacy ratings of the subjects were assessed using a questionnaire designed using published guidelines [29] . Subjects were asked to indicate the number of shots on target they thought they would be able to achieve for each of the four separate tennis strokes.
Subjects had a practice run through the four different stokes (forehand and backhand for both dominant and nondominant arms) comprising 10 trials of each stroke with a short break between strokes allow for adjusting of the position of the tennis serving machine. Performance of RWMT was then assessed with a further 10 trials in turn for each of four strokes with an observer recording the position Advances in Human-Computer Interaction 3 of each ball that struck the back wall of the squash court and whether or not it was on target.
Game-Based Virtualized Reality Training
Sessions. During three days following the baseline RWMT assessment, subjects undertook three separate GBVR training sessions each of 30 minutes duration. The sessions involved working progressively through the training drills that formed part of the tennis game (Wii Sports, Nintendo of Europe GmbH, Grossostheim, Germany) and which involved developing the ability to play shots in different directions towards fixed and moving targets and also periods of match play using equally both dominant and nondominant arms. Screen shots of the drills and match play are shown in Figure 2 . In order to mimic as closely as possible the RWMT, a commercially available imitation tennis racket (Play On, Toys R Us, Gateshead, UK) was attached to the motion sensitive handheld controller used to control the game and mass was added by means of a solid plastic cylinder machine to fit inside the shaft to make the weights of the two rackets equivalent ( Figure 3 ).
Post-Training Assessment Session.
The post-training RWMT assessment session occurred the day after the last GBVR training session and was an exact repeat of the baseline assessment session.
Statistical Analysis.
All data are reported as mean ± standard error of the mean (SEM) with the exception of the demographic data (±SD). The impact of the GBVR training on self-efficacy ratings and RWMT skill performance (number of shots on target) was assessed using Wilcoxon Signed Rank tests (SPSS 14.0 for Windows, SPSS Inc., Surrey, UK) due to the nonparametric nature of the data with Holm's sequential Bonferroni adjustment for multiple comparisons. Congruence between actual subjects' self rating of their ability and their actual number of shots on target was assessed using the method described by Cervone [30] and the confidence interval of the estimate determined by using Bootstrapping.
Results
Sixteen of the subjects reported right-hand dominance and the other remaining subject left-hand dominance. The magnitude of the LQs ranged from 50 to 100 and indicated that all subjects had a clear hand preference and that none could be classed as ambidextrous. Prior to the baseline RWMT skill assessment, the subjects' confidence in their ability to hit the target (self-efficacy ratings) was significantly lower for both nondominant arm forehand and backhand strokes versus the dominant arm (control) strokes (Table 1) . As expected, there was a deficit in motor skill performance of both nondominant arm strokes (Table 1) . After the GBVR training there were significant increases in the self-efficacy ratings for both nondominant arm strokes (Table 1) . With regard to motor performance, there was a significant improvement in the nondominant arm backhand stroke performance ( Table 1 ) while the improvement in nondominant forehand stroke just failed to reach statistical significance (P = 0.06). In contrast there were no changes in the dominant arm strokes. Congruence between self-efficacy ratings estimates and actual performance was consistent across all conditions and the grand mean across all subjects and strokes was 81% and out-with the 95% confidence interval for random chance alone.
Discussion
The key findings of this study were that a performance deficit in a real-world motor task (RWMT) improved in response to a game-based virtualized reality (GBVR) training programme that closely mimicked the RWMT. Furthermore, the improvement was manifest as concomitant increases in both motor skill and self-efficacy (i.e., increased confidence in ability to perform the task).
As the subjects completed the self-efficacy ratings prior to the RWMT performance assessments, the post-training ratings given by the subjects (Table 1 ) predicted a differential improvement in their nondominant strokes compared with no change in the performance of their dominant hand strokes. The most likely explanation for the subjects' change in their perception of their ability to perform the nondominant strokes were due to an improvement as a result of the GBVR training. While care was taken by the experimenters not to give any explicit feedback during training, the subjects would have seen the consequences of their actions in displayed on the screen and through the game scoring mechanisms. Given that the baseline RWMT assessment comprised a total of only 20 shots of each stroke (10 familiarisation and 10 assessment), it seems unlikely that the baseline assessment session could have provided an adequate training stimulus to explain the observed effects. However, were the RWMT to be used for training, it is likely that performance improvements similar to those in the current study would be observed.
The experimental model designed for this study was based on the fact that in non-ambidextrous subjects, the nondominant arm has less well developed motor skill than that of the dominant arm, which by definition has much better developed motor skill due its preferential use in daily life and therefore has much less potential for improvement in motor performance. In contrast, the relative under-use of subjects' nondominant arms (again by definition) means that they have a lower baseline level of motor skill and therefore much greater scope for improvement in response to training.
There is a growing interest in the use of GBVR approaches to rehabilitation practice [8] [9] [10] and in particular its potential for reducing the need for patient travel and reaching out to rural communities [2, 19] . However, the focus of attention has predominantly been on developing new forms of treatment modalities with a view to improving physical outcomes. The results of this study indicate that there is also the potential for significant positive psychological outcomes. The game used in this study provided the subjects with a number of different forms of feedback on their performance. When the user makes "contact" with the virtual tennis ball, a sound is played through a small speaker in the handheld controller. In addition, the trajectory of the ball in the on screen game play reflects the angle, speed, and timing at which the virtual ball is "struck". The game play environment also provides additional visual (in terms of game score) and aural (cheers of spectators) feedback on performance. The impact of the GBVR training was such that the relative deficit in the RWMT performance in the subjects' nondominant arms was rehabilitated closer to that of the corresponding dominant arm stroke. Furthermore, it would appear that the subjects were able to sense this motor skill improvement as a result of the GBVR training and that it was reflected in an increase in the self-efficacy ratings for the nondominant arm strokes prior to the post-training RWMT skill assessment. Thus, while the GBVR training did not fully replicate the sensation of striking a physical ball, nor did it directly replicate the geometry of the tennis RWMT, it did provide a training stimulus that was adequate enough to elicit an effect.
As described in the Introduction, rehabilitation treatment programs are usually long and arduous and therefore supporting and sustaining patient motivation is a major challenge. Game-based approaches are of particular interest in this regard due to the motivational appeal of video games [26] . Developing GBVR approaches to rehabilitation therefore require a degree of trade-off to be made, whereby the training stimulus may not quite match the real world equivalent, but that this is more than compensated for by appropriately designed selections of games that promote and maintain patient motivation and long-term adherence to a treatment program by providing immediate feedback on performance, in-game achievements and rewards, and a sense of accomplishment as they progress through the game. Also, there is evidence to indicate that both the challenge and the immersive potential offered by games controlled by body movement can result in a greater flow experience compared to traditional forms of exercise [31] .
In order for GBVR approaches to be incorporated into routine clinical rehabilitation practice, it will require the development of game systems that are fit for purpose [19] . They will need to have sufficient fidelity in their detection of motion that the can keep the patient within the desired movement envelope. The physical exercises that the game play requires will need to correspond the prescribed therapeutic exercises and scenarios and will also need to be capable of providing sufficient stimulus to promote the desired restoration of function. There is also a requirement for the therapist to be able to tailor the game to match the precise rehabilitation requirements of each individual patient and to be able to regularly monitor a patient's progress and have the ability to adjust the specific game demands over time [8] . The game will also need to appeal to patient and be capable of sustaining their interest. However, not only is there a scope for a wide range of genres of games to appeal to different users, but more fundamentally, if appropriately programmed, a game could adapt and respond to any improvements in a given user's performance. This would help ensure that the game presents a challenge at an appropriate level for each individual and as the rehabilitation treatment program progressed, the game scenarios would become increasingly demanding. Other features which could be incorporated into games for rehabilitation include offering helpful tips and coaching, rewarding, and praising the user when they make progress, monitoring game use time, and providing some form of progress chart. It is not necessary and indeed may not be Baseline data are shown as mean ± SEM shots on target. Post-training data are shown as mean change (delta values) ± SEM shots on target. * indicates significantly lower baseline for nondominant stroke compared to corresponding stroke for dominant arm (P < 0.05). † indicates significant increase for nondominant stroke post-training (P < 0.05). ‡ indicates increase for nondominant stroke post-training just failed to reach statistical significance (P = 0.06).
desirable that these functions are performed by a virtual representation of a human, but rather they can be subtlety incorporated into the game play experience [32] .
Clinical Rehabilitation
Impact. GBVR approaches to rehabilitation have the potential to facilitate simultaneous improvements in motor skill and confidence and may also help increase patient compliance. The availability of low-cost motion sensors and increasingly sophisticated games development tools means significant progress is to be expected in this field over the next few years. The nondominant hand motor deficit model outlined in this study is intended as far as possible to mimic the impact of trauma or disease process on arm motor function, whereby the reduced motor performance in the nondominant arm mimics the functional loss due to trauma or disease process and which therefore is in need of rehabilitation as part of the treatment programme. However, the model does not incorporate the complex nature of different clinical scenarios nor does it reflect the fact that even with specific conditions there is significant variability between patients. While this might potentially be seen as a limitation, there are in fact significant advantages to having a stable and reliable experimental setting in order to undertake basic research into the development and refinement of GBVR approaches including hardware, software, game design, clinical interfaces, and data logging [19] . Furthermore, the convenience of being able to use healthy human subjects and having each subject act as there own control will further reduce potential sources of variability and therefore make experimental testing even more efficient. With regard to clinical interfaces, it is an essential requirement that therapists are able to precisely control the parameters of the rehabilitation exercises (e.g., specific movements, range of motion, number of repetitions, and frequency of exercise) and also get detailed information via data logging and summary reports on patient performance in order to track rehabilitation progress and adjust their programme when required. It should be noted that existing commercial off-the-shelf interactive games (including the game used in this study) have little or no functionality in this regard. Once solutions that address these issues are developed, it will then be a much more realistic proposition to transition to clinical settings in order to tailor approaches to specific clinical needs and to undertake comprehensive clinical evaluations. Finally, there are also a number of infrastructure issues that will need to be addressed before routine clinical adoption of GBVR rehabilitation is possible including accessibility issues [33] , licensing and reimbursement [10] , and issues of resource allocation and treatment policies [11] .
Conclusion
GBVR training has significant potential in the development of rehabilitation practice. However, significant hardware and software design issues still need to be addressed and the nondominant hand motor deficit model described in this study provides useful paradigm for conducting basic research and development. The results of this study indicate that improvements in confidence, which is an important determinant of treatment outcome in terms of daily living and physical and social functioning, should be added to the list of potential benefits of GBVR training in rehabilitation practice.
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